Effects of temperature on swimming performance of three Gila congenerics: G. cypha, G. elegans and G. robusta by Chandos, Amy Susan
i 
Effects of Temperature on Swimming Performance of Three Gila Congenerics: 
 G. cypha, G. elegans and G. robusta 
 
 
By Amy Susan Chandos 
 
 
 
 
 
 
 
A Thesis 
Submitted in Partial Fulfillment 
Of the Requirements for the Degree of 
Master of Science 
in Biology 
 
Northern Arizona University 
May 2017 
 
 
 
 
 
Approved by: 
 
 
W. Linn Montgomery, Ph.D., Chair 
 
Joseph Shannon, Ph.D. 
 
Kiisa Nishikawa, Ph.D. 
 
 
 
 
 
ii 
ABSTRACT 
 
 
Effects of Temperature on Swimming Performance of Three Gila Congenerics: 
 G. cypha, G. elegans and G. robusta 
 
 
 
The Colorado River Basin (CRB) is an environmentally complex aquatic network, with 
historically large annual variations in discharge, sediment loads, and water temperatures, that 
pose significant ecological and physiological challenges to its native ichthyofauna (Schmidt et 
al., 1998; Kammerer, 2005).  Effects of climate change within the CRB are likely to produce a 
drier and warmer regional climate, more frequent droughts, as well as changes in variability, 
frequency, and amount of precipitation (Meehl et al., 2010; Xie et al, 2010; Pielke et al., 1999). 
Water temperatures within the CRB could increase by 5.6° C over the next century, which will 
affect the aquatic food web structure, biodiversity, and the endemic native fishes of this region, 
and it is uncertain how this ecosystem and its organisms will respond (Wrona et al., 2006; IPCC, 
2007; Arismendi et al., 2014). Among the native species which will be affected by this water 
temperature increase, Gila elegans, G. cypha, and G. robusta offer a unique opportunity to 
examine how the swimming performance of these species will be affected by climate change due 
to their close phylogenetic relationships, shared ecology, and distinctive morphologies. 
(Minckley & Marsh, 2009). This study examined the effects of temperature on the swimming 
performance of juvenile G. elegans, G. cypha, and G. robusta acclimated to one test temperature 
(10°C, 16°C, 20°C, or 30°C) for 7 days.  Results of this study demonstrated that these three 
species are affected uniformly by temperature, that temperature and species affects the 
swimming performance, and yet the results do not support an interaction of these two variables 
as having an effect of swimming performance. Of these three species, G. cypha demonstrated the 
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greatest swimming performance while G. elegans and G. robusta demonstrated indistinguishable 
differences in swimming performance. The swimming performance for G. cypha increases as 
temperature is increased from 10°C to 20°C, however there is no difference between the 
swimming performance at 20°C and 30°C. Size, temperature, and the interaction of these two 
response variables was shown to influence the swimming performance of juvenile G. elegans. 
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2 
INTRODUCTION 
 
 
The Colorado River Basin (CRB) covers over 386,000 km2 of the Southwestern U.S., the 
backbone of which is the fifth largest river in the U.S., the Colorado River (Figure 1).  This 
environmentally extreme aquatic network historically experienced large annual fluctuations in 
discharge, sediment loads, and temperatures that have shaped the evolution of its native 
ichthyofauna (Schmidt et al., 1998; Kammerer, 2005).  The building of dams beginning in the 
early1900s has impacted the abiotic environment of the CRB by altering the natural flow regime, 
annual discharge, sediment movement, and water temperatures of the rivers and tributaries of 
this region (Schmidt et al., 1998)). Flow data from the USGS hydrology gauge at Lees Ferry, 
which is the federal separation point between the upper and lower basins, shows current annual 
flow fluctuations between 5,000-40,000 cubic feet per second (cfs), where historic flow data 
places annual fluctuations between 3,500-80,000 cfs (Schmidt et al., 1998). Additionally, historic 
annual water temperatures ranged 0-30°C, whereas temperatures now vary only 8-16°C (Paulson 
et al., 1980; Schmidt et al., 1998; Morrill et al., 2005; Voichick & Wright, 2007). In the main 
stem Colorado River, the effects of these altered temperatures can be detected up to 440 km 
downstream due to the incised canyon, which demonstrates the one of the extensive effects dams 
within the CRB can have on the aquatic ecosystem (Stevens et al., 1997). In addition to the 
challenges the native fish of the CRB currently face, climate change has been predicted to 
drastically modify annual precipitation, weather cycles, and water temperatures over the next 
century (Meehl et al., 2010; Arismendi et al., 2014). 
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Climate change in the Colorado River basin, as well as the greater Southwest, has been 
predicted to produce a drier and warmer regional climate, more frequent droughts, and changes 
in variability, frequency, and amount of precipitation (Meehl et al., 2010; Xie et al, 2010; Pielke 
et al., 1999).  Over the next 50 years, an air temperatures increase of 3.5-4.2°C and a water 
temperature increase of 2.1-3.4°C is expected, with a total increase of a 7°C and 5.6° C, 
respectively, over the next century (Kwon & Schnoor, 1994; Prowse et al., 2006; IPCC, 2007; 
Arismendi et al., 2014). These changes will have an effect on the aquatic food web structure, 
aquatic biodiversity, and the endemic native fishes of this region, however it is not yet known 
how this ecosystem and its organisms will respond (Wrona et al., 2006). 
The native fish of the Colorado River Basin have origins extending from the Miocene (23 to 
5.3 million years ago), and have evolved to be well tailored, both morphologically and 
ecologically, to a turbid, turbulent and seasonally variable aquatic environment (Minckley et al., 
1986; Schmidt et al., 1998; Douglas et al., 1999).  Many of these “big river” species have 
converged on a roughly similar morphology consisting of large streamlined bodies, large 
rounded fins, a forked caudal fin, and relatively small eyes (Minckley, 1973).  The Colorado 
pikeminnow (Ptychocheilus lucius), the largest of the Colorado River fishes reaching lengths of 
1.8m and weights of 36kg, fits this description, as does the bonytail (G. elegans), humpback 
chub (G. cypha), roundtail chub (G. robusta), razorback sucker (Xyrauchen texanus), and 
flannelmouth sucker (Catostomus latipinnis; Miller, 1961; Vanicek & Kramer, 1969; Minckley, 
1991).  Many of these species have already experienced noticeable declines within the CRB, 
likely caused by a combination of anthropogenic waterway modifications and the introduction of 
many non-native competitors and predators (Marsh & Douglas, 1997; Tyus & Saunders, 2000; 
Yard et al. 2011). 
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Among the native species of special interest, Gila elegans, G. cypha, and G. robusta offer a 
unique research opportunities due to their close phylogenetic relationships, shared ecology, and 
distinctive morphologies.  The genus Gila contains at least 23 nominal species, although the 
precise phylogenetic relationships among these three species is unclear (Uyeno, 1960; Rosenfeld 
& Wilkinson, 1989; Douglas & Douglas, 2007; Schönhuth et al., 2014). 
Understanding how these three CRB species will react to climate change is necessary to 
both influence future management decisions as well as to preserve these unique species. I 
investigated how temperature affects the swimming performance of juveniles G. elegans, G. 
cypha, and G. robusta under current temperature conditions and those predicted to be 
experienced as climate change progresses. Juveniles of G. elegans, G. cypha, and G. robusta 
were acclimated to test temperatures and then evaluated for swimming performance.  Critical 
swimming velocity (Ucrit), which establishes a maximum sustained swimming speed over a 
specified time interval (Brett, 1964; Beamish et al. 1978), was used as the metric of swimming 
performance.  Juveniles of these species were acclimated to one test temperature (10°C, 16°C, 
20°C, or 30°C) for 7 days, after which their swimming performance was evaluated at that 
temperature The goals of this study were; (1) examine how swimming performance of G. cypha 
is affected by temperature across four test, (2) temperatures establish if the swimming 
performance of these three species is affected similarly by temperature, and (3) examine if size is 
a factor that influences how temperature affects swimming performance. 
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METHODS 
Fishes Studied  
Bonytail (Gila elegans), humpback chub (Gila cypha), and roundtail chub (Gila robusta) 
were chosen for this study due to their close phylogenetic relationship, their unique 
morphologies, and their protected status under the Endangered Species Act (Minckley & Marsh, 
2009).  Juvenile G. elegans and G. cypha were originally obtained from the U.S Fish and 
Wildlife Service Southwestern Native Aquatic Resources and Recovery Center located in 
Dexter, New Mexico, and juvenile G. robusta were obtained from a pond on private property 
which had been previously stocked by Arizona Department of Game and Fish (Figure 2).  All 
fish were housed and all experiments conducted at the Bubbling Ponds Native Fish Research 
Facility in Cornville, AZ.  Eighty-four G. elegans individuals were used in this study and were 
separated into three size classes by Standard Length (SL): small (n=32, 47-67mm), medium 
(n=32, 92-110mm) and large (n=3, 132-168mm).  Due to limited availability, G. cypha (n=33, 
65-104mm SL) and G. robusta (n=19, 78-144mm SL) were not separated into size classes. 
Individual G. cypha and G. robusta, as well as members of the three size classes of G. elegans 
were randomly assigned to one acclimation temperature and acclimated at that temperatures for 7 
days prior to being evaluating for swimming performance.  The temperatures used in the 
acclimation of G. elegans were 10°C, 20°C, and 30°C, while the temperatures used in the 
acclimation of G. cypha and G. robusta were 10°C, 16°C, 20°C, and 30°C.  Due to limited 
availability of fish and aquarium heater malfunctions, no G. robusta were tested at 20°C, and 
only 3 large size-class G. elegans and 3 G. robusta were tested at 30°C. 
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Figure 2. Examples of juveniles of G. elegans (top), G. cypha (middle) and G. robusta (bottom) 
used in this study. 
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During the acclimation period, all aquaria were maintained at  1°C of the goal 
acclimation temperature using aquarium heaters and Aquanetics chillers (Model AFC-1).  All 
aquaria had continuous aeration and filtration during acclimation and recovery periods.  The 
light-dark cycle was maintained at 12l:12d during acclimation and throughout all trials.  All fish 
were fed 4-in-1 Deli Flakes for Community Tanks obtained from Brine Shrimp Direct, and were 
fed to satiation 3 times per week.  Fish were fasted 24 hours prior to being tested. This was done 
to ensure comparability with other studies where fish were fasted before having their swimming 
performance evaluated.  All water used in this study was obtained from a well located on the 
facility grounds of the Arizona Game and Fish Department Bubbling Ponds Native Fish 
Research Facility in Cornville, AZ. Morphometric data for the 19 G. cypha, 22 G. robusta, and 9 
G. elegans used in the analysis can be found in Appendix 1 and Ucrit data can be found in Table 
1. Morphometric data for 67 G. elegans used in the analysis can be found in Appendix 2 and Ucrit 
data can be found in Table 2. 
Temperatures 
Experimental temperatures included in this study were, 10°C, 16°C, 20°C, and 30°C. 
Temperature range end points were selected based on upper and lower Colorado River basin 
USGS gauge data from 2014 through 2017 (USGS, 2017).  Hypolimnetic water releases from 
existing dams average about 10°C, which is near minimum temperature required for spawning of 
Gila species (Minckley, 1973).  The maximum temperature of 30°C occurs briefly now in the 
summer and will be more common as climate change progresses. 16°C and 20°C were selected 
as Intermediate temperatures to allow for a progression of thermal change and improved 
metabolic adaptation. 
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Acclimation Period 
The 7-day acclimation period chosen for this study was likely an insufficient for 
complete acclimation, however this time allotment was sufficient for some important 
physiological changes to occur (Peterson & Anderson, 1969; Johnston et al., 1990).  Changes in 
membrane phospholipids and the transport of amino acids due to a change in temperature have 
been demonstrated to occur within 32-48 hours of experiencing a change in temperature (Smith, 
1979), and changes in metabolic rate, measured by O2 consumption, can occur within as little as 
six hours of a temperature change (Barrionuevo & Fernandes, 1998). A study by Allen and 
Strawn (2011) utilizing Ictularus punctatus determined that study specimens could be re-
acclimated to a temperature to which they had not been initially acclimated to within as little as 
12 days. 
Apparatus 
All experiments were conducted using a custom 35L Brett-type flow chamber originally 
used in experiments by Dickson (1995), and similar to that described by Dewar & Graham 
(1994; Figure 3).  Plastic grids installed at both upstream and downstream ends of the fish 
chamber prevented fish from leaving the swim chamber. Flow straighteners were placed 
anteriorly to the upstream grid to produce a more uniformly laminar flow throughout the 
chamber.  Water velocity within the flow chamber was modulated via a propeller driven by a 
manually controlled variable speed motor (Leeson Direct Current Permanent Magnet Motor 
Model C4D17FK6D).  Flow within the chamber was established by using the average of 
multiple trials using a Marsh McBirney Flowmeter. The flowmeter was suspended in the 
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Figure 3a. 
 
 
 
Figure 3b. 
 
 
 
Figure 3. (a) Swim chamber design. Arrows indicate direction of water flow. (b) Photo of the 
swim chamber, (b) Photo of the swim chamber. External dimensions are 11cm deep, 15.5cm 
wide, and 50.5cm long. 
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chamber and water velocity was increased every 2 minutes at intervals of 3 cm/s.  A total of 3 
calibration trials were run and the results were averaged for water velocity and Ucrit calculations.  
A YSI 51 probe was mounted behind the rear grid of the swim chamber to monitor dissolved 
oxygen (DO) levels before and during each trial, in percentage of saturation and in milligrams 
per liter, as well as water temperature. 
Stepped-Velocity Tests 
The protocol for the stepped Ucrit test was similar to that described by Brett (1964) and 
Beamish et al. (1978).  For G. elegans, after the initial acclimation period, the water velocity in 
the swim chamber was increased to a starting velocity of 4.2 BL/s (22.5 cm/s) for small fish, 
3.16 BL/s (32 cm/s) for medium fish, and 1.31 BL/s (19 cm/s) for large fish.  For G. cypha and 
G. robusta, the starting velocity was 19.39 cm/s, which was 2.4 BL/s and 2.0 BL/s, respectively. 
The initial starting velocities varied because during the pilot trials used to establish the protocol, 
differences were observed in the lowest water velocity at which different species and size-classes 
would begin to swim. 
During each trial, water velocity was increased by 6 cm/s at 3-minute intervals. The 
failure velocity of each trial, which was used to calculate Ucrit, was defined as the water velocity 
at which the fish could not maintain position within the flow for 10 continuous seconds. 
Behaviors which signaled failure by the fish included being unable to remove themselves from 
the rear grid, tail propping against the rear grid to avoid swimming, or wedging into a corner of 
the swim chamber and ceasing to swim.  After the failure velocity was determined, the 
proportion of the time interval which the fish had been able to swim before failure was recorded, 
and the trial was terminated.  Each fish was then removed from the swim chamber and, without 
anesthetization, was measured in air for Body Length (BL), Fork Length (FL), and Total Length 
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(TL) as defined by Miller (1972).  Wet weight and photographs of all fish were taken before each 
individual was placed in a recovery aquarium maintained at the same temperature the fish was 
acclimated to and tested at. 
All trials were conducted between June, 2014 and February, 2016.  Trials using small and 
medium size-classes of G. elegans were conducted between June and August of 2014, and trials 
using the large size-class of G. elegans occurred between October and November of 2015.  All 
G. cypha and G. robusta swimming trials were conducted January through February of 2016. All 
trials in this study were conducted between the hours of 7:00 and 18:00. 
 
Ucrit Calculations 
Ucrit values as described by Brett (1964) are considered to be the maximum swimming speed that 
a fish can sustain for an allotted time period.  Ucrit values used in this study were calculated using 
the formula also developed by Brett (1964): 
 
Ucrit = ui + (ti/tiiuii) 
 
Ui represents the highest velocity maintained for the prescribed period (cm/s), ti is the time spent 
at the highest water velocity, tii is the length of each time increment (3-min), and uii is the 
increase in water velocity at every step (6cm/s).  No corrections were deemed necessary for solid 
blocking effects as the cross-sectional area of the fish used did not exceed 10% of the cross-
sectional area of the swim chamber (Brett, 1964; Webb, 1971).  Effects of solid blocking occur 
when greater than 10% of the cross sectional area of the swim chamber is taken up by the cross-
sectional area of a fish, which significantly influences swimming performance by not allowing 
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water to move uniformly over the fish (Webb, 1971).  Ucrit values are presented in cm/s to reflect 
absolute swimming performance, and also in BL/s to examine swimming performance relative to 
size. 
Statistical Analysis 
An ANOVA or ANCOVA established if Ucrit was affected by the predictor variables, 
such as species, temperature, or size-class. An Effects Test evaluated the effect of the predictor 
variables, and the interaction of these variables on the response variable Ucrit. A Tukey HSD 
analysis established significance levels. Analyses were conducted using the statistical freeware R 
(R 3.3.1 GUI 1.68 Mavericks) and R Studio (Version 0.99.903) and in JMP (Version 13) 
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RESULTS 
Response of three Gila to temperature 
Only the swimming performance of fish acclimated to either 10°C or 30°C was analyzed. 
Temperature had a similar effect on the swimming performance of all 3 species when measured 
in BL/s (ANOVA, F = 11.0457, p = 0.01) and cm/s (F = 9.1078, p < 0.001; Figure 4). Species 
also has an effect on Ucrit (Effects test, p < 0.01), but there is no effect of the interaction between 
temperature and species (p > 0.05). A Tukey HSD analysis revealed that G. cypha has a 
significantly different Ucrit in BL/s than G. elegans or G. robusta (Tukey HSD, p < 0.05), while 
the latter two species were not significantly different from one another. When Ucrit is measured in 
cm/s, there is no statistical difference in Ucrit between the 3 species (p > 0.01; Figure 5). Gila 
cypha had the greatest Ucrit when measured in BL/s, but not when Ucrit is measured in cm/s. Ucrit 
was also shown to vary significantly between 10°C and 30°C when Ucrit was measured in both 
BL/s and cm/s (p < 0.01). 
 
Swimming Performance of G. cypha 
 
Temperature affects the Ucrit of G. cypha when measured in both BL/s (F = 11.0457, p < 
0.01; Figure 6) and cm/s (F = 9.1078, p < 0.001; Figure 7). Ucrit did not vary significantly 
between fish acclimated to 20°C and 30°C when measured in either BL/s or cm/s. The Ucrit of 
fish acclimated to 10°C was statistically different from those acclimated to both 20°C and 30°C 
when measured in both units (p < 0.01). 
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 Species 
Temperature 
(Celsius) 
N 
Mean Ucrit 
(BL/s) 
Std. Err. 
Mean Ucrit 
(cm/s) 
Std. Err.  
 
G. cypha 
10 9 6.276 0.602 49.45130131 4.011747853  
 16 7 7.529 0.237 62.41090449 3.779095772  
 20 7 8.672 0.644 70.29151427 3.70032743  
 30 10 8.632 0.457 68.70475056 1.301318731  
         
 
G. elegans 
(Medium) 
10 13 5.080 0.133 52.0120792 1.172372839  
 20 10 7.047 0.252 70.38542796 1.588131402  
 30 9 6.788 0.301 73.97479601 2.737504897  
         
 
G. robusta 
10 6 5.302 0.882 51.66335376 5.236254622  
 16 10 6.428 0.288 56.23144975 2.417658133  
 30 3 5.524 1.408 54.2008492 8.921050834  
         
 
 
Table 1. Swimming performance (Ucrit) values, measured in BL/s and cm/s, for G. cypha, 
medium size-class G. elegans, and G. robusta. 
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Figure 4. Swimming performance (Ucrit) measured in BL/s of G. cypha, G. elegans, and G. 
robusta at two different temperatures. 
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Figure 5. Swimming performance (Ucrit) measured in cm/s of G. cypha, G. elegans, and G. 
robusta at two different temperatures 
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Swimming Performance of G. elegans in Response to Size and Temperature 
 
Temperature affects Ucrit of all size-classes when swimming performance is measured in 
both BL/s (F = 54.9916, p < 0.001) and cm/s (F = 47.8978, p < 0.001). Size (F = 129.0101), 
temperature (F = 48.4723), and the interaction between these two response variables (F = 
10.1334) all effect Ucrit when measured in BL/s (p < 0.001 for all). Size (F = 64.3436), 
temperature (F = 76.7717), and the interaction between these two response variables (F = 
7.9417) all effect Ucrit when measured in cm/s (p < 0.001 for all). When measured in BL/s, small 
fish had the highest Ucrit and large fish had the lowest (Figure 8). When measured in cm/s, the 
opposite was observed (Figure 9). Medium size-class fish fell between small and large in both 
instances. Swimming performance of medium and large size-classes were more similar than they 
were to swimming performance of small fish. There were four significantly distinct categories 
for Ucrit measured in BL/s. Small fish were statistically different at each of the three test 
temperatures. The Ucrit of medium size-class fish acclimated to either 20°C or 30°C, as well as 
the large size-class at 30°C, were statistically similar to the Ucrit of small size-class acclimated to 
30°C. Medium size-class fish acclimated to 10°C, and large size-class fish acclimated to either 
10°C or 20°C did not exhibit significantly different swimming performances when measured in 
BL/s. 
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Figure 6. Swimming performance (Ucrit) measured in BL/s of G. cypha across four temperatures. 
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Figure 7. Swimming performance (Ucrit) measured in cm/s of G. cypha across four temperatures. 
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 Size-Class 
Temperature 
(Celsius) 
N 
Least Sq Mean 
(Ucrit in BL/s) 
Std. Err. 
Least Sq Mean 
(Ucrit in cm/s) 
Std. Err.  
 
Small 
10 10 7.318654 0.33299432 38.56541 2.5527814  
 20 12 9.541182 0.30398083 52.04263 2.3303599  
 30 10 12.64694 0.33299432 66.21325 2.5527814  
         
 
Medium 
10 13 5.079833 0.29205534 52.01208 2.2389374  
 20 10 7.047397 0.33299432 70.38543 2.5527814  
 30 9 6.788477 0.35100683 73.9748 2.6908679  
         
 
Large 
10 3 4.457789 0.60796166 64.4324 4.6607199  
 20 9 4.935115 0.35100683 70.90785 2.6908679  
 30 8 6.864859 0.37229896 104.5225 2.8540964  
         
 
 
Table 2. Swimming performance (Ucrit) values, measured in BL/s and cm/s, for small, medium, 
and large size-class G. elegans. 
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Figure 8. Swimming performance (Ucrit) measured in BL/s of three size classes of G. elegans 
across three temperatures. 
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Figure 9. Swimming performance (Ucrit) measured in cm/s of three size classes of G. elegans 
across three temperatures. 
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DISCUSSION 
Swimming performance response to temperature of Gila species. 
Temperatures changes within the CRB are predicted to substantially increase over the 
next century, and this increase is going to exert great thermal pressure on the poikilotherms of 
this aquatic system. Although an increase of winter water temperatures is unlikely to be 
detrimental to these three species, the reaches which already exhibit high maximum annual 
temperatures and may be at extreme risk of thermal fish kills. San Francisco River, Eagle Creek, 
Bonita Creek as well as the reach below Davis Dam are reaches from both the upper and lower 
CRB where annual high temperatures have been recorded to range between 28-34°C. With a 
predicted temperature increase of 5.6°C over the next century, the maximum temperature of 
these regions is predicted range 33-38°C. Although no thermal maximum temperature has been 
established for these species, it is likely that 30°C is near the maximum functional temperature 
for these species as temperatures exceeding 30°C occur infrequently CRB (USGS Water Station 
Data).  This hypothesis is supported by a mortality even which occurred during this study, where 
one acclimation tank of G. robusta was inadvertently maintained at 32°C and complete mortality 
of all fish occurred within 72h. It has been established that as temperatures exceed a thermal 
optima, swimming performance and survival rates quickly decrease, thus it can be extrapolated 
that 32°C is at least near the thermal maximum for these species. 
Fortunately, regulated waterways are less likely to be detrimentally impacted by 
increasing water temperatures as most major dams within the CRB, such as Glen Canyon dam, 
have hypolimnetic water releases from their respective impounded lakes and the temperature of 
the hypolimnion of these large lakes naturally rarely vary by more than a few degrees (Goldman 
& Horne, 1994). Currently, the temperature effects of these hypolimnetic releases from dams are 
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extensive, although this effect may become slightly reduced as climate change progresses 
(Stevens et al., 1997).  Main channel warming from tributaries and from other sources is 
expected to be more profound and increase optimal thermal habitat for native fish (Wright et al., 
2009). 
Increase in water temperature with climate change could initially be beneficial for 
natives, as colder temperatures have been suspected as a major factor in the decrease population 
sizes and extirpations from various parts of the CRB (Clarkson & Childs, 2000 Ward et al., 
2003; Jonsson & Jonsson, 2014).  Warmer water temperatures could restrict trout to the colder 
waters of regulated reaches, which would reduce one mortality source for natives (Yard et al., 
2011). Additionally, as temperatures approach 20°C juveniles of these three Gila species reach 
their maximum swimming performance, which exceeds that of juvenile trout at the same 
temperature.  This could result in Gila species becoming less vulnerable to trout predation during 
first year growth as they could be more difficult to catch (Myrick & Cech, 2003). Conversely, 
trout swimming performance and survival decreases as temperatures exceeding 25°C, whereas 
this study demonstrates maximum swimming performances for Gila species was achieved at 
30°C (Myrick & Cech, 2003). To establish the temperature if there is a temperature at which 
juvenile natives can begin to become less vulnerable to trout, further research is needed to 
investigate the burst swimming abilities of both natives and trout under warming temperature 
treatments. 
The warming of water temperatures due to climate change may be potentially beneficial 
for natives, however it is also likely to benefit other temperate species which have been 
introduced into the CRB such as Green sunfish (Lepomis cyanellus), Smallmouth bass 
(Micropterus dolomieu), Channel catfish (Ictalurus punctatus), Striped bass (Morone saxtilis), 
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Common carp (Cyprinus carpio) and Virile crayfish (Orconectes virilis) to name a few 
(Lechleitner, 1992; Tyus & Nikirk, 1990).  This could lead to an increase in competition for 
food when native and non-native fish life-histories overlap, as well as a possible increase in 
predation pressure on all life stages of natives (Carpenter, 2005; Olden et al., 2006; Johnson et 
al., 2008; Tyus & Nikirk, 1990; Ruppert et al, 1993; Marsh & Douglas, 1997).  In light of the 
predicted warming of the CRB, more research is needed to better understand the ecological 
interaction and reproductive success of both native and non-native fish. 
 
Gila Species Interaction of Size and Temperature 
Results of this study suggest, provides a framework for future research to examine not 
only how these federally listed fish will respond to climate change, but also how to best focus 
conservation efforts on these big river species and to prevent extinction. 
This study demonstrated that size, temperature, and the interaction of these two response 
variables influenced swimming performance of G. elegans, adding to the complexity of our 
understanding.  Small G. elegans did not show a performance plateau at any temperature tested, 
confirming that young fish physiologically excel at temperature acclimation. This is unsurprising 
as their ecology makes this ability extremely useful; small fish of these species generally in habit 
shallow backwaters and off-channel habitats where summer temperatures are often greater than 
they are in the main channel habitats (Minckley, 1991). Having a high heat tolerance has many 
advantages for small fish, as higher temperatures accelerate growth rates, allows access to 
shallow waters which may have higher food densities, and a refuge from larger piscivorous 
predators (Petersen & Paukert, 2005). 
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Medium G. elegans in this study were twice the mean SL of the small size-class, and 
exhibited a very different response of swimming performance to increasing temperature. 
Medium fish experienced a gain in swimming performance as temperature increased to 20°C, but 
did not demonstrate any significant change at temperatures above 20°C. Many sources cite 25°C 
as an optimal temperature for these species, yet the temperature for hatching success and fry 
survival for these and other native species has been shown to be 20°C (Minckley, 1973; Marsh, 
1985). Future research is necessary to examine if there is a peak in swimming performance 
between 20°C and 30°C which this study could not detect. Additional studies could also 
determine the mechanism and reason for this performance plateau above 20°C, and to examine at 
which temperature swimming performance of all size-classes of G. elegans begins to decrease. 
Large G. elegans experienced an opposite trend compared to the medium fish, with no 
increase in swimming performance between 10°C and 20°C and substantial rise in swimming 
performance between 20°C and 30°C.  These data indicate that the larger-size class is very 
tolerant of higher temperatures, likely including temperatures exceeding 30°C.  This distinct 
difference in performance at higher temperatures may be linked to habitat utilization, overall 
river community ecology, and developmental stage, however the precise reason or mechanism 
was not determined by this study.  Interestingly, when measured in cm/s, the swimming 
performances of large and medium G. elegans at 20°C were not statically different despite the 44 
mm difference in mean SL between the two groups. The assumption that larger G. elegans are 
faster is not valid according to our data, and this may indicate that faster swimming with increase 
in size is not imperative for survival. Possibly, holding position to capture drifting food is more 
physiology valuable than Ucrit . 
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Although temperature is a major abiotic factor influencing swimming performance in 
these species, there are other influential factors that can be easily overlooked. The circadian 
cycle can also influence swimming performance and acclimation ability (Matikainen & 
Vornanen, 1992).  Food availability can influence metabolism and therefore can influence 
swimming performance, and even epigenetic changes during early development can have an 
effect on swimming performance of later life-stages (Matikain & Vornanen, 1992; Boeuf & Le 
Bail, 1999; Jonsson & Jonsson, 2014). It is important to consider these factors in conservation 
efforts, as simply evaluating swimming performance may not be an accurate way to describe 
how the native fish of the CRB will react to the effects of impending climate change. 
Currently a predicative ecosystem model which accurately describes how climate change 
will affect the abiotic and biotic environment of the CRB does not exist, and due to its 
complexity, it is difficult to predict the exact effects of increasing temperatures on the aquatic 
network of this region.  Results of this study indicate that these three species are remarkably 
tolerant across a wide temperature range, both surviving and maintaining maximum swimming 
performance at 30°C.  Genetic relatedness within Gila congeneric is obvious in their swimming 
performance, however, of these three species G. cypha exhibited the best overall swimming 
performance when normalized for body length.  This suggests that as climate change progresses 
and water temperatures increase, this species could be predicted to be the most likely to survive 
these changes without human intervention. This species would be would be a logical choice on 
which to focus conservation efforts and resources, if prioritization were mandated. G. cypha 
persists in the lower reaches of the Colorado River, where G. elegans and G. robusta have been 
deemed extirpated possibly the longitudinal warming of the Colorado River between Lake 
Powell and Lake Mead (16-20°C). G. cypha had the greatest swimming performance of all three 
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species at 20°C, and it is possible that this slight advantage could be sufficient to have selected 
for G. cypha (Schneider & Conners, 1982; Jain & Farrell, 2003). Although turbidity also 
increases in the lower reaches of the Grand Canyon, which might be suspected to also lower 
trout predation, the opposite has been shown to be true in some cases (Yard et al., 2011). This 
may suggest that the greater annual maximum temperature may be a more important factor 
influencing survival of these natives than turbidity. 
The greater swimming performance of G. cypha may also help explain why this species 
can still be found in the Grand Canyon, however it is unlikely that temperature and turbidity are 
the only factors affecting these species. With most reliable information regarding the ecology, 
distributions and life-histories of these species obtained after substantial anthropogenic 
alterations had begun throughout the CRB, it is difficult to establish which factors – changes in 
discharge, changing annual temperature fluctuations and maximums, or the introduction of non-
native species just to name a few – can be saddled with the greatest amount of blame for the 
decline in native fishes throughout the CRB. Climate change will likely add yet another 
dimension of complexity to this already highly altered aquatic system, through alterations in 
historically consistent weather patterns, precipitation, and temperatures, which will likely 
complicate conservation efforts for CRB native fishes. 
 
Phylogenetics and Swimming Performance 
Schönhuth et al., (2014) reported the high degree of phylogenetic relatedness of these 
Gila species which is supported by our swimming performance data.  Among our three Gila 
congenerics, G. cypha demonstrated a significantly greater swimming performance despite the 
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morphologic similarities with as adults.   However, G. robusta and G. elegans exhibited similar 
swimming performance despite having different morphology as adults. 
Within the Gila phylogeny, mtDNA and nDNA analysis shows G. cypha and G. robusta 
are often grouped more closely together than G. cypha and G. elegans or G. elegans and G. 
robusta, although early phylogenies placed these three species and G. intermedia into a single 
distinct clade (Uyeno, 1960; Schönhuth et al., 2014; Douglas & Douglas, 2007). Early genetic 
techniques were unable to distinguish between the morphologically distinct G. cypha and G. 
robusta, but were able to distinguish the morphologically similar G. cypha and G. elegans 
(Douglas & Douglas, 2007). Hybridization has likely led to the origin of at least one classified 
species within the genus, G. seminude, and genetic transfers between species via hybridization 
events may still occur as these species frequently co-occur and individuals with intermediate 
morphologies have been observed (Holden & Stalnaker, 1970; DeMarais et al., 1992). Alleles 
from G. cypha and G. robusta can be found in G. elegans, as well as vice versa, and that little 
allelic divergence or allelic fixation between these morphologically distinct species has been 
found (Rosenfeld & Wilkinson, 1989; Douglas & Douglas, 2007). 
Despite the short genetic distance separating these species on the Gila phylogenetic tree, 
G. cypha and G. elegans demonstrate the pronounced hump in adults whereas other species, 
including G. robusta, do not. This may suggest a convergent evolution event between G. cypha 
and G. elegans due to similar ecology, habitat or other abiotic factors. The juvenile fish used in 
this study did not have the pronounced nuchal hump seen in adults, and their morphologies were 
not as drastically different seen in adult fish. Despite lacking a hump, G. cypha and G. elegans 
had more similar juvenile morphologies than they did to G. robusta, and yet the swimming 
performance of G. elegans was distinguishable from G. cypha but indistinguishable from G. 
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robusta. This may provide evidence as to a closer relationship of G. elegans and G. robusta than 
to G. cypha, or possibly demonstrate genetics for temperature acclimation and swimming 
performance that G. cypha does not share. Further investigation is needed to clarify the Gila 
phylogeny, and determine if the swimming performance trends witnessed in juvenile fish 
continue as these species mature and adopt distinct adult morphology and physiology. 
 
Conclusion 
This study demonstrated that fish size, temperature, the interaction of these two response 
variables, as well as species affected swimming performance, greatly increasing the complexity 
of the effects of climate change on CRB native fishes. It is possible that these species may 
benefit from increased water temperatures accompanying climate change as maximum 
swimming performance was achieved at 30C, however elevated temperatures may also benefit 
non-native species which could influence native survival. The phylogenetic relationship of Gila 
congenerics is obvious in their swimming performance, however, G. cypha has the best overall 
swimming performance in BL/s which may also help explain why this species can still be found 
in regions where the latter two species are considered extirpated. This suggests that as climate 
change progresses and water temperatures increase, this species is the most likely to survive 
these changes without human intervention. Finally, results of this study provides a framework for 
future research to examine not only how these important and iconic native fish will respond to 
climate change, but also how to best focus conservation efforts on these big river species to 
prevent extinction. 
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Appendix 1. Morphometrics for all G. cypha, medium size-class G. elegans, and G. robusta used 
in this study. 
40 
 
 
 
Appendix 1. Morphometrics for all G. elegans used in this study. 
41 
 
